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Abstract 

N + -bombarded multi-walled carbon nanotubes (N + -bombarded MWCNTs), with different nitrogen atomic 
percentages, were achieved by different N ion beam currents using ion beam-assisted deposition (IBAD) on 
MWCNTs synthesized by chemical vapor deposition (CVD). Characterizations of N + -bombarded MWCNTs were 
evaluated by X-ray photoelectron spectroscopy (XPS), transmission electron microscopy (TEM), Raman spectroscopy, 
and contact angle. For comparison, the in vitro cytocompatibility of the N + -bombarded MWCNTs with different N 
atomic percentages was assessed by cellular adhesion investigation using human endothelial cells (EAHY926) and 
mouse fibroblast cells (L929), respectively. The results showed that the presence of nitrogen in MWCNTs accelerated 
cell growth and proliferation of cell culture. The higher nitrogen content of N + -bombarded MWCNTs, the better 
cytocompatibility. In addition, N + -bombarded MWCNTs with higher N atomic percentage displayed lower platelet 
adhesion rate. No hemolysis can be observed on the surfaces. These results proved that higher N atomic 
percentage led N + -bombarded MWCNTs to better hemocompatibility. 

Keywords: N + -bombarded multi-walled carbon nanotubes; Nitrogen atomic percentage; Ion beam-assisted deposition; 
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Background 

The last decade has seen a great deal of activity in the use 
of carbon nanotubes (CNTs) to augment the properties of 
a variety of materials, including biomaterials [1]. The ad- 
vantage of carbon nanotubes in biomedicine is their stable 
conductivity in aqueous physiological environment, thus 
making them attractive for cellular stimulation [2]. And, 
the weakness of raw CNTs is their super-hydrophobicity. 
They can easily aggregate in aqueous media as well as in 
organic solvents, which strictly restricts their application 
in biomedical fields because a hydrophilic interface is in 
favor of enhancing bioactivity [3]. So, in recent years, the 
enormous progress in nanotechnology and material sci- 
ences had stimulated the development and production of 
engineered carbon nanotubes [4-9]. And, numerous stud- 
ies in biomaterial development indicated the functional- 
ized water-soluble CNTs to improve cell attachment and 
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growth [5-9]. In our previous work [10], the improved 
hemocompatibility and cytocompatibility were also ob- 
served in N-doped MWCNTs when compared with pris- 
tine MWCNTs using chemical vapor deposition (CVD) 
method. Recently, many studies on the functionalization 
of MWCNTs have been reported. Chemical grafting is the 
main method for CNT functionalization. In previous 
works, we also synthesized MWCNTs containing N, carb- 
oxyl, and hydroxyl groups using CVD and compared the 
biocompatibility of MWCNTs with and without functional 
groups [10-12]. A significant improvement in cell and 
blood behaviors was observed in MWCNTs containing 
functional groups compared with pure MWCNTs. How- 
ever, few reports are found to achieve MWCNT functio- 
nalization using the ion beam bombardment or ion 
implantation technique. The advantages of the physical 
method are its simplicity, small amounts of impurities, 
and high content of active groups on the surface of 
MWCNTs. Differing from the traditional chemical graft- 
ing, the ion implantation technique was also used to intro- 
duce NH 2 and COOH groups onto MWCNTs, and 
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graphene which was found to result in favorable effects on 
their biocompatibility in our previous works [13-16]. 

To differ from traditional chemical grafting and ion 
implantation, in this paper, lower-energy N ion beam 
bombardment method was used to introduce N ions to 
MWCNTs. Compared with ion implantation, the advan- 
tages of low-energy ion beam bombardment are its shal- 
low injection depth and high content of active nitrogen 
on the surface of MWCNTs. The interaction between 
cell and substrates primarily occurred on the shallow 
surface of modified MWCNTs. The larger number of ac- 
tive nitrogen on the surface of MWCNTs which inter- 
acted with cells in vitro could increase the number of 
sites for cell growth. Thus, the modified MWCNT sur- 
face should have better bioactivity and biocompatibility. 

Due to length limitation, the comparison between pure 
and N + -bombarded MWCNTs in cytocompatibility and 
hemocompatibility will be submitted to other journals. 
This work only focused on the relationships between 
cell and blood behaviors and N atomic percentages of 
laboratory-made MWCNTs bombarded at different N + 
beam currents (5, 10, and 15 mA), which were evaluated 
by cell adhesion, hemolysis, and platelet adsorption. 

Methods 

Synthesis 

MWCNTs were prepared using CVD system and then 
sprayed onto Si0 2 substrates with air brush pistol. The 
detailed process of sample preparation can be found in 
our previous work [17,18]. 

An ion beam-assisted deposition (IBAD) system 
(FJL560C12, SKY Technology Development Co., Ltd., 
China) was used to prepare N + -bombarded MWCNTs. 
This system has two ion sources, one water-cooled sample 
holder and one water-cooled target holder. In this process- 
ing, the chamber was evacuated to a base pressure lower 
than 3.0 x 10" 4 Pa prior to N ion bombardment. Then, the 
high-purity N 2 gas was introduced into low-energy ion 
source which could perform N ion bombardment to 
MWCNTs at desired ion bombarding parameters through 
computer controlling. N ion beams at ion beam currents 
of 5, 10, and 15 mA and a constant bombarding energy 
of 200 eV were respectively accelerated to bombard 
MWCNTs for 30 min to get three N atomic percentages 
of N + -bombarded MWCNT samples. The working gas 
pressure was 1.2 x 10" 2 Pa. 

Contact angle, XPS, SEM, TEM, and Raman analysis 

Water contact angles were measured using a face con- 
tact angle meter (CAM KSV021733, Nunc, Finland). 
The detailed measurement process can be found in our 
previous work [17-19]. Characterization by X-ray photo- 
electron spectroscopy (XPS) (PHI5000 VersaProbe sys- 
tem, Physical Electronics, Chanhassen, MN, USA) was 



used to prove the existence of the main functional groups 
in the three samples. The morphology of N + -bombarded 
MWCNTs was examined with a field emission scanning 
electron microscope (FESEM; 18SI, FEI, Hillsboro, OR, 
USA) operated at 10.0 kV and a field emission scanning 
electron microscope (SU8020, HITACHI, Tokyo, Japan) 
operated at 1.0 kV. The detailed morphologies and chem- 
ical bonding states of the samples were characterized 
using a JOEL JEM 2100 transmission electron microscope 
(TEM; Tokyo, Japan) and Renishaw micro-Raman 2000 
system (Wotton-under-Edge, UK) and a 514-nm laser line 
excitation. 

Cell adhesion assays 

The human endothelial cell line EAHY926 and mouse 
fibroblast cells (L929) were used to investigate the cyto- 
compatibility of N + -bombarded MWCNTs. The pro- 
cesses of cell culture and cell vaccination can be found 
in our previous work [13-16]. Endothelial cells were 
harvested from the cultures and replaced into 24-well 
plate (5 x 10 4 cells/ml) in four groups (three kinds of 
N + -bombarded MWCNTs and blank control group). 
The inoculum density of fibroblast cells is 2.5 x 10 4 
cells/ml. After 1 to 7 days in an incubator (culture inter- 
vals of 0.5, 1, 2, 3, 5, and 7 days), the medium was re- 
moved, and the cell monolayer was washed several times 
with PBS and then isolated by trypsin for enumeration. 

Immunofluorescence staining was done as described 
with mouse monoclonal anti-a-tubulin (clone B-5-1-2, 
1:1,000 dilution; Sigma, St. Louis, MO, USA), followed by 
1:200 dilution of various fluorochrome-conjugated sec- 
ondary antibodies. Finally, DNA was stained with DAPI 
(1 (ig/ml) for 5 min. For immunostaining, mouse fibro- 
blast cells were grown on three kinds of N + -bombarded 
MWCNTs at 2.5 x 10 4 cells/ml for 24 h. Confocal scan- 
ning laser microscopy (CSLM) (Nikon Eclipse 90, 
Shinjuku, Tokyo, Japan) was employed to observe cell 
morphology and stretching on the three samples. The 
scanning electron microscope (SEM) (FEI QUANTA 
200) was employed to observe endothelial cells' and 
mouse fibroblast cells' morphology and stretching on 
three materials. 

Hematotoxicity analysis 

Platelet adhesion test was conducted to evaluate the surface 
thrombogenicity of the materials in vitro. Blood taken from 
a healthy rabbit with potassium oxalate as the anticoagulant 
was centrifuged about 15 min and converted to platelet- 
rich plasma (PRP). All the N + -bombarded MWCNTs and 
reference groups were cleaned and then incubated in hu- 
man PRP for 30 min at 37°C The detailed process can be 
found in our previous work [17,18]. Since methylsilicone 
oil has excellent anticoagulant activity, but quartz 
causes coagulation, we chose two quartz glasses with 
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and without methylsilicone oil which had the same size 
with N + -bombarded MWCNT samples as positive and 
negative reference groups, respectively. The platelet ad- 
hesion rate of a material can be represented as follows: 



Platelet adherent rate (%) 



A-B 



x 100%, 



where A is the total number of platelets and B is the 
number of platelets remaining in the blood after the 
platelet adhesion test [20]. The morphology of adherent 
platelets was assessed using SEM. 

Anticoagulant blood solution was obtained by adding 
normal saline to anticoagulant blood which was pre- 
pared from healthy rabbit blood plus 2% potassium oxal- 
ate. The samples were placed in each Erlenmeyer flask 
and added with 5 ml normal saline. The same numbers 
of Erlenmeyer flasks with either 5 ml normal saline or 
distilled water were used as negative and positive control 
groups, respectively. The detailed process can be found 
in our previous work [10,17,18]. 

Results and discussions 

From the XPS analyses, the nitrogen concentration of 
three N + -bombarded MWCNTs is 7.81%, 8.67%, and 
9.28% at the corresponding bombarding beam current 
density of 10, 15, 5 mA, respectively. The result shows that 
the nitrogen concentration does not increase as the bom- 
barding beam current density increases. We suppose that 



the binding between N + and MWCNTs is not stable. The 
previously formed groups are destroyed by N + ions as 
the beam current density increases. Figure 1 shows the 
peak position and area of the analyses of Cls and 
Nls. The main peak of the Cls is sp 2 and sp 3 carbon 
atoms at 284.6 eV [21,22]. Furthermore, Cls peaks of 
N + -bombarded MWCNTs also revealed sp 1 and sp 3 C- 
N bondings at 285.5 and 287.4 eV, respectively [22]. 
The Nls spectra are decomposed into two peaks which 
are located at 398.5 and 400.5 eV, respectively, being at- 
tributed to sp 3 and sp 1 C-N bondings [23] correspond- 
ingly. From the data, it indicates clearly that with the 
increase of nitrogen concentration, the ratio of the sp 2 
C-N bond decreases, and the sp 3 C-N bond increases 
while the unsaturated degree of the N bond increases. 

Figure 2a,b,c presents the SEM images of the 
N + -bombarded MWCNTs at ion beam currents of 5, 
10, and 15 mA, respectively. From Figure 2a, it can be 
seen that N + -bombarded MWCNTs completely covers the 
substrate at high density, and the surface is rough. As ion 
beam current increases, more fractured N + -bombarded 
MWCNTs fill the gaps between them, resulting in 
smoother surface (Figure 2b,c). To investigate the detail 
morphology of N + -bombarded MWCNTs, SEM with high 
magnification and TEM characterizations are performed, 
as shown in Figure 2d,e. N + -bombarded MWCNTs' 
tube structure is proved (shown by white rectangle in 
Figure 2d). From Figure 2e, the graphite layers of 
MWCNTs are parallel to each other. The N + -bombarded 
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Figure 1 XPS spectra analysis of Cls and Nls for N + -bombarded MWCNTs. Nitrogen contents are (a, d) 7.81%, (b, e) 8.67%, and (c, f) 9.28%. 
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Figure 2 SEM images of N + -bombarded MWCNTs. Nitrogen contents are (a) 7.81%, (b) 8.67%, and (c, d) 9.28%. (e) TEM image of N + -bombarded 
MWCNTs with nitrogen content of 9.28%. The insets (f, g, h) are their contact angle images, respectively. 



MWCNTs used in these studies have a diameter distribu- 
tion of 40 to 60 nm and few microns in length. And, the 
wall thicknesses are around 20 nm. The N + -bombarded 
MWCNTs show bamboo-like structure enriched by nitro- 
gen element [24-26], in which interlinks are observed 
within the tubes (shown by white arrow in Figure 2e). In 
addition, the tube wall of the N + -bombarded MWCNTs 
has irregularities, indicating the deformation of their 
structure. The structural change of the N + -bombarded 
MWCNTs is probably caused by the introduction of nitro- 
gen element. 

Wettability, evaluated through the measurement of the 
contact angle of a liquid on a surface, is a sensitive way 
to detect surface modifications [27]. Furthermore, it is a 
measurement of the hydrophilic/hydrophobic character 
of a material, a relevant property regarding biocompati- 
bility, since it has a major influence on protein adsorp- 
tion and interaction with cells [28]. In this work, the 
wettability of the three samples was evaluated by water 
contact angle measurements, as shown in Figure 2f,g,h. 
The values of N + -bombarded MWCNTs at nitrogen 
concentrations of 7.81%, 8.67%, and 9.28% are 61.89°, 
17.16°, and 45.48°, respectively. It is worth noting that 
the increase of contact angle is not related to the in- 
crease of nitrogen concentration and ion beam current. 



The results show a slight decrease in contact angle with 
the decrease of the sp 2 C-O content. 

The Raman spectra of N + -bombarded MWCNTs at 
three N atomic percentages are shown in Figure 3. As 
can be observed, the samples show the typical D-mode 
(1,350 cnT 1 ) and G-mode (1,590 cnT 1 ) vibration bands 
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Figure 3 Raman spectra for N + -bombarded MWCNTs with three 

N atomic percentages. 
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and overtone of the D-mode (G' 2,680 cm" 1 ). A major 
effect of N introduction is increase clustering of the sp 2 
phase, which is indicated by the D peak [29]. In this 
study, we refer to 1(D) 11(G) as the ratio of peak heights. 
In amorphous carbons, the development of a D peak indi- 
cates ordering [30]. So, it is noticeable that the ratio of 1(D) II 
(G) for N + -bombarded MWCNTs with N 8.67% atomic per- 
centage is higher than those of the other samples, implying 
that nanotube destruction and creation of amorphous carbon 
impurities are introduced in the N ion bombardment. 

Using immunofluorescence techniques, microtubules 
are stained, which are the main components of the 
cytoskeleton (shown in Figure 4a,b,c). Meanwhile, the nu- 
clear DNA was stained with a different fluorescent dye 
(Figure 4d,e,f) and then the two photographs taken by 
CSLM in the same viewing field were combined, with 
same exposure times, as shown in Figure 4g,h,i. The 
CSLM images show the morphology of mouse fibroblast 



cells fixed on the surface of three samples after an incuba- 
tion of 1 day. It can be seen from Figure 4a,b,c that typical 
triangular cells adhere to the surface of all the samples. 
The cells spread flat, and there are pseudopodia and 
microvilli on the cell surface. In addition, with the increas- 
ing nitrogen concentrations, the cell numbers on the ma- 
terials become more and more. The nuclear DNA shows 
good cell viability on the surfaces of N + -bombarded 
MWCNTs, as shown in Figure 4d,e,f. And, it is clear that 
some DNA edges are smooth and blurred, while others 
are crisp and clear. This means that the mouse fibroblast 
cells grow on the three-dimensional configuration of 
N + -bombarded MWCNT samples. This structure offers a 
larger substrate area for cell growth and proliferation. 
Taken together, these results indicate that nonspecific 
binding between nitrogen in the N + -bombarded MWCNTs 
and cell surface proteins enhances cell adhesion and 
growth on the N + -bombarded MWCNTs. 



N + -bombarded MWCNTs N-bombarded MWCNTs N + -bombarded MWCNTs 
with N 7,81% with N 8.67% with N 9.28% 




Figure 4 CSLM images of mouse fibroblast cells fixed on N + -bombarded MWCNTs. Nitrogen contents are (a, d, g) 7.81%, (b, e, h) 8.67%, 

and (c, f, i) 9.28%. 
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In order to further verify the relationship between the 
nitrogen concentration and the cell adhesion, we choose 
mouse fibroblast cells and human endothelial cells for 
direct contact measurements and calculations of cell via- 
bility at 0.5, 1, 2, 3, 5, and 7 days through a biological in- 
version microscope, as shown in Figure 5a,d. Each value 
in these figures represents the mean ± SD for five mea- 
surements. And, each experiment is performed three 
times. It can be seen from the two figures that the cell 
concentrations of N + -bombarded MWCNTs and control 
group increase gradually from 1 to 5 days, and no dead 
cells are observed under the microscope in all samples. 
The cell adhesion numbers on N + -bombarded MWCNTs 
increase with increasing nitrogen concentration. After 
5 days, the mouse fibroblast cell numbers of N + -bombarded 
MWCNTs reduce gradually as the concentration of the 
control group reduced (Figure 5a). 

Endothelial cells have been shown to be more sensitive 
than mouse fibroblast cells to the same sample. The num- 
bers of endothelial cells on N + -bombarded MWCNTs still 
increase rapidly after the 5 -day incubation. And, it far ex- 
ceeds the control group on the seventh day (Figure 5d). 
The highest nitrogen concentration displays the highest 
cell numbers. Thus, the high nitrogen concentration stim- 
ulates cell growth and proliferation of cell culture, reveal- 
ing superior cytocompatibility. 



Figure 5b,c,d,e,f shows clearly the difference at the 
amount and morphology of the adhered cells on 
N + -bombarded MWCNTs with N 8.61% and 9.28%. As 
we can see from the SEM images with low magnifica- 
tion, the cell concentration with N 8.67% (Figure 5b,e) 
is significantly less than that with N 9.28% (Figure 5c,f), 
which is consistent with the results given by Figure 4 
and Figure 5a,d. And, the adhered cells all spread flat 
with richer pseudopod and microvilli, as shown at a 
high magnification. These results add to growing evi- 
dence that the increase of nitrogen content promoted 
cell adherence and growth. 

The ability of substrates to promote adhesion of cells 
depends on how well they adsorb proteins from the cul- 
ture medium that interact with receptors on the cell 
surface [31]. Adsorption of proteins in an active con- 
formation, in turn, is likely to be affected by the func- 
tional groups of the substrate. All proteins have NH 2 
and COOH groups at the ends, where the NH tends to 
be positively charged and the COOH negatively charged 
[32]. Thus, a surface with an organized arrangement of 
functional groups can act as a site for cell growth. The 
formation of functional sp 2 C-N and sp 3 C-N bonds on 
the N + -bombarded MWCNTs by N ion beam bombard- 
ment induces polarization at the surface due to the differ- 
ence in electronegativity between carbon and nitrogen 




Figure 5 Direct contact measurements and calculations of cell viability, (a) L929 mouse fibroblast cell numbers on the surfaces of different 

materials vs. incubation time; SEM images of L929 mouse fibroblast cells fixed on the surfaces of N + -bombarded MWCNTs with nitrogen contents 

of (b) 8.67% and (c) 9.28%. (d) EAHY926 endothelial cell numbers on the surfaces of different materials vs. incubation time; SEM images of 

EAHY926 endothelial cells fixed on the surfaces of N + -bombarded MWCNTs with nitrogen contents of (e) 8.67% and (f) 9.28%. 
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Figure 6 Platelet adhesion rates on the different materials. 



[33]. In addition, from the XPS results (Figure ld,e,f), it is 
clear that with the increase of nitrogen concentration, the 
ratio of the sp 2 C-N bond decreases and the sp 3 C-N bond 
increases while the unsaturated degree of the N bond in- 
creases. Therefore, the number of protein attached on the 



material's surface increases with increasing unsaturated 
degree of the N bond, and adhesion of cells are promoted. 

Blood platelets are anucleated cells that originate from 
bone marrow megakaryocytes and circulate in the blood 
as sentinels for vascular integrity [34]. Platelets play a 
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vital role in hemostasis; however, derangement of their 
functions can lead to thrombosis, which is a leading 
cause of death and disability in the developed world 
[35]. Figure 6 displays the statistical results of the plate- 
lets adhered on the surfaces of three N + -bombarded 
MWCNTs with different nitrogen content and the glass 
with and without methylsilicone oil Each value repre- 
sents the mean ± SD for five measurements. And, each 
experiment is performed three times. From the average 
platelet adhesion rates, it is observed that the number of 
adherent platelets decreases with increasing nitrogen 
concentration. In addition, as shown in Figure 7c,d, the 
platelets show less pseudopodium as demonstrated by 
the isolated and nearly round state when the nitrogen 
concentration is higher. The morphology of the red blood 
cell (RBC) on N + -bombarded MWCNTs is perfect round. 
It is demonstrated that higher nitrogen concentration is 
contributive to the improvement of hemocompatibility. 

The morphological change of the adherent platelets is a 
common qualitative criterion to assess activation of adher- 
ent platelet on the materials' surface. Baurschmidt [36] re- 
ported that the formation of thrombus on the biomaterial 
surface is correlated with charge transferring from fibrino- 
gen to the material surface. Fibrinogen can transform to fi- 
brin monomer and fibrinopeptides when it losses charge. 
The crosslink of fibrin monomer causes an irreversible 
thrombus. Thus, the suitable density of charge will pro- 
mote the hemocompatibility [37,38]. A suitable ratio of 
sp C-N to sp 2 C-N can provide the optimum density of 
charge to promote hemocompatibility. The possible rea- 
son for the decrease of platelet adhesion rates is the sig- 
nificant change in the electronic characteristics due to the 
increase of sp 3 C-N bond. 

The hemolysis ratio was calculated by the formula 
Hemolytic rate (%) = £J x 100%, where A, B y and C are 
the absorbance values of the specimens, negative control 
group (physiological salt water), and the positive control 
group (H 2 0), respectively [17,18]. The average OD values 
of the N + -bombarded MWCNTs with 7.81%, 8.67%, and 
9.28% are 0.027, 0.029, and 0.026, respectively. The 
hemolytic rates of all the N + -bombarded MWCNTs are all 
0%. According to the YY/T0127.1 standard, a hemolytic 
rate below 5% is acceptable [38-40]. These results indicate 
that the three materials all have good hemocompatibility. 

Conclusions 

In this paper, the cytocompatibility and hemocompat- 
ibility of the N + -bombarded MWCNTs with three N 
atomic percentages are investigated and compared. The 
cell adhesion assays indicate clearly that with the in- 
crease of nitrogen concentration, the ratio of the sp 2 C- 
N bond decreases and the sp 3 C-N bond increases 
while the unsaturated degree of the N bond increases. 



It may increase the number of protein which attached 
on the material's surface; so, the adhesion of cells is 
promoted. Thus, the cytocompatibility of N + -bombarded 
MWCNTs are promoted with the increase of nitrogen 
concentration. The blood experiments also show that 
N + -bombarded MWCNTs with higher nitrogen content 
displayed lower platelet adhesion rates and lower hemolytic 
rate values. In conclusion, bombarding N ions into 
MWCNTs by IBAD is a great feature and desirable for 
biomaterial industry. 
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